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A one-dimensional percolation model of flooding and
snow ice formation on Antarctic sea ice
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Abstract. A one-dimensional thermodynamic sea ice growth model is developed
with emphasis on scawater flooding and snow ice formation on Antarctic sea ice.
To examine the possibility that flooding is the result of brine percolation through a
porous ice matrix, and the consequences of this percolation on the salinity structure
and mass balance of the ice, flooding is modeled in a semiheuristic fashion by
examining two possible regimes for seawater and brine infiltration through the
porous ice into the snowpack. A standard model assumes that the upward flow
of brine is horizontally homogeneous and brine flow is modeled using a Darcian
scheme. A simple model assumes that the infiltrating brine does not interact with
the internal ice brine network, but instead percolates upward through cracks, or is
restricted in spatial extent. Results of simulations are shown for the climatology in
the Ross Sea and compared to field data from one autumn and one winter cruise
aboard the R/V Nathaniel B. Palmer in 1995. Sensitivity studies are performed to
show the effects of variations in climate forcing. The dependence of brine percolation
and snow ice formation on key thermophysical parameters is investigated. Results
indicate that the mass balance depends very strongly on the brine flow regime.
In the standard model, ice salinities and brine volumes are greatly affected by
brine percolation, creating a strong feedback between flooding and future snow ice
production. Snow ice formation for the simple model was much more predictable
and depended primarily on snow load. Comparison of results with field data
indicate that if brine percolation is the major mechanism for flooding and snow ice
formation, then there must be either substantial convective redistribution of salt to

maintain ice porosity, or the flow must be spatially inhomogeneous.

1. Introduction

In recent years, increased attention to Antarctic sea
ice geophysics has revealed that a number of ice growth
processes play important roles in the overall ice mass
balance. Congelation ice formation has long been rec-
ognized as an important ice growth process, and the
importance of frazil ice formation and the “pancake cy-
cle” has been noted as possibly the dominant mech-
anism for ice growth [Weeks and Ackley, 1986; Lange
et al., 1990]. More recently, snow ice formation has
been recognized as a widespread and important phe-
nomenon in all regions of the Antarctic pack ice [Eicken
et al., 1994; Jeffries and Adolphs, 1997; Jeffries et al.,
1997, 1998a, 1998b; Lange et al., 1989; Worby et al.,
1998].

In the Antarctic, where snow accumulation rates over
the pack ice are relatively high [Giovinetto et al., 1992],
the weight of the overlying snow cover will commonly
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depress the ice surface below sea level, resulting in a
negative freeboard, that is, the height of the ice surface
lies below the seawater level. When this occurs, there is
the potential for sea water and/or brine to infiltrate into
the snow cover, flooding the ice surface and creating a
highly saline slushy layer at the base of the snowpack.
Under cold atmospheric conditions, this slushy layer
may refreeze, leading to the formation of snow ice le.g..
Leppdranta, 1983]. As the freezing interface is much
closer to the surface than for congelation ice growth,
snow ice formation can be a very effective mechanism
for thickening. In the Pacific sector of the Southern
Ocean, for example, there is ample evidence that snow
ice contributes as much as 40% of the total ice mass
and is thus as important to thickening the ice cover as
congelation ice growth and pancake formation [Jeffries
and Adolphs, 1997; Jeffries et al., 1997, 1998a, 1998b].

Flooding of the snow/ice interface may occur in a
number of ways [Ackley, 1986; Ackley and Sullivan,
1994; Massom et al., 1997]. Seawater may infiltrate
laterally from the edges of floes where they are in con-
tact with the ocean. In and around areas of deformed
ice, such as in ridges or near the margins of rafts, the
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ice is often poorly consolidated and seawater may read-
ily reach the snowpack through fractures. There may
also be cracks through which seawater may seep up-
wards and spread laterally through the snowpack on
undeformed ice. Lastly, brine may percolate vertically
through interconnected brine pathways in porous sea
ice. While all these mechanisms are likely to occur to
some degree, the last is presumed to be the most fre-
quent and most important process, and has been implic-
itly assumed in other studies [Crocker and Wadhams,
1989; Hudier et al., 1995; Jeffries and Adolphs, 1997;
Jeffries et al., 1998a, 1998b; Golden et al., 1998]. Most
Investigators have not addressed the physical processes
involved in brine percolation beyond noting that for
flooding to occur, the sea ice must be permeable [Eicken
et al., 1995; Jeffries et al., 1998a, 1998b).

The flooding/snow ice formation process has been
the subject of some modeling studies [Leppdranta, 1983;
Licken et al., 1995; Crocker and Wadhams, 1989; Frit-
sen et al., 1998]. Early efforts [e.g., Leppdranta, 1983]
assumed that a negative freeboard was the only require-
ment for flooding to occur. While this is certainly nec-
essary, it is not the only requirement. There also must
be established pathways from the ocean through to the
snow /ice interface for seawater and/or brine to flow.

Ireeboard data from one autumn and one winter
cruise in the Ross Sea [see Jeffries et al., 1998a] illus-
trate the fact that the snow/ice interface does not flood
simply because the ice surface is below sea level (Figure
1). While 37% of the observed freeboards were negative,
very few of the drilling sites were observed to be wet or
flooded at the base of the snowpack prior to drilling.
Eicken et al. [1995] noted similar results in the Wed-
dell Sea. Not until freeboards approached -6 cm did we
observe a significant number of sites that were flooded
prior to drilling. It should be noted that this flooding
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Figure 1. Flooding as a function of freeboard in drill
holes in first-year ice in the Ross Sea in autumn and
winter 1995. (a) Probability distribution of freeboards
for sites that were dry prior to drilling (solid line)
and locations that were wet or flooded prior to drilling
(dashed line). (b) Frequency distribution of freeboards
observed, indicating fraction that were wet or flooded
prior to drilling.
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is not necessarily associated with areas of ice deforma-
tion [Adolphs, 1998,Figure 8]. Flooding is as likely to
occur in areas of level ice where no obvious cracks or
pathways for upward brine flow are apparent.

Obviously, the presence of a negative freeboard is in-
sufficient to guarantee flooding. Eicken et al. [1993],
based on unpublished permeability studies, speculated
that under certain conditions, even though there is a
negative freeboard, the underlying ice might be imper-
meable and prevent the upward movement of brine to
the snow/ice interface. Cox and Weeks [1975], in their
classic study of desalination processes, demonstrated
that artificial sea ice becomes permeable at brine vol-
umes exceeding 5-7%. At lower brine volumes, the
brine pockets and channels are not sufficiently con-
nected to allow brine flow. Golden et al. [1998], by anal-
ogy with electrical conductivity of compressed powders,
suggested that the percolation threshold for columnar
sea ice oceurs for brine volumes of about 5%, and some-
what higher for granularice. Ficken et al. [1995] showed
that in the Weddell Sea, brine volumes may be below
this threshold throughout much of the growth season.

As the porosity of the ice is closely linked to the ther-
mal regime and the salinity characteristics of the ice,
there is a strong coupling between the permeability and
the flow regime. While the importance of ice permeabil-
ity in controlling the flooding process has been noted
[Crocker and Wadhams, 1989; Hudier et al., 1995; Ly-
tle and Ackley, 1996; Fritsen et al., 1998; Golden et al.,
1998], little attention has been paid to the complex re-
lationships between flooding, desalination, and ice per-
meability.

The aims of this study are (1) to investigate whether
the percolation model for flooding is a plausible mecha-
nism and whether it produces snow ice amounts similar
to those inferred from ice core structural analysis and
oxygen isotope data, (2) to identify the critical factors
that control the flooding process and their consequences
for the overall ice mass balance, and (3) to demonstrate
the importance of the coupling between flooding and
snow ice formation and the evolution of the salinity
characteristics of the ice.

In order to investigate these processes and the fac-
tors controlling them, a one-dimensional (1-D), nonlin-
ear sca ice growth model is developed. The evolution
of the salinity profile is treated in a semiheuristic fash-
lon and is coupled to ice growth processes and flooding.
The sea ice is modeled as a porous medium, and up-
ward brine flow is described using a Darcian scheme.
First, the governing equations of the model are pre-
sented, and different possible treatments of the brine
flow regime are discussed. Model results of ice mass
balance and salinity characteristics are presented and
compared with field data, and the key parameters con-
trolling ice growth are pointed out. The sensitivity of
snow ice formation to several critical parameters is pre-
sented, and the importance of factors controlling brine
percolation and the salinity profile is discussed. Finally,
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we point out gaps in our understanding of the flooding
and snow ice formation process.

2. Model Description

A one-dimensional nonlinear ice growth model was
developed. The basic model builds on the previous work
of Maykut and Untersteiner [1971], Cox and Weeks
[1988] and Wade [1993]. The essential framework of the
thermodynamics and salinity entrapment and desalina-
tion is based on that of Coz and Weeks [1975]. However,
as we are interested in complex thermophysical interac-
tions between the snow cover and brine network of the
ice, the model is extended to allow for nonlinear tem-
perature profiles and for upward brine flow through the
ice and snow. As processes related to the snow cover
are critical for resolving the phenomena of interest, the
snowpack is treated in more detail than in standard sea
ice growth models [e.g., Coxz and Weeks, 1988].

2.1. Thermodynamics

The generalized one-dimensional heat equation for
heat transfer in a porous medium is given by

dl d _
psi,scsi,sg + PbeE(QSUT) =
d 1 k2
d_z(ksi,s -(-f;) + rlge 3 (1)

where pg; s is the bulk density of sea ice or snow, Cy; s is
the specific heat, ky; ¢ is the bulk thermal conductivity,
py is the brine density, Cp is the specific heat of the
brine, 7' is the temperature, ¢ is the effective porosity
of the bulk medium, and u is the pore fluid velocity.
Here, Cy; s is an effective specific heat, as it includes
the latent heat due to changes in the volume fraction of
entrapped brine. Schwerdtfeger [1963] gave Cy; 5 as
S S

——L+ —(Cy — C;) + Ci.

Csie = =gl * g7

(2)
Here, S is the sea ice salinity, L is the latent heat of
fusion, C,, and C; are the heat capacities for water and
pure ice, respectively, and # = —0.0182°C~!. The sec-
ond term in (1) represents the heat transported by ad-
vection of brine upward through the ice during flooding
events. Wicking of brine up into the snow is neglected.
To account for the phase change that occurs as brine
is transported along temperature gradients in the ice,
¢y also includes a latent heat term. Cj is most read-
ily obtained from (2) by setting S equal to the brine
salinity.

The second term on the right in (1) represents the ab-
sorption of shortwave radiation in the medium (Beer’s
law). Here, & is the bulk extinction coefficient of light
in the snow or ice, I, is the net radiative flux at the
surface, and z is the vertical depth. Strictly speak-
ing, Beer’s law is valid only for monochromatic light
in an infinite medium. In the upper part of the snow
cover, longer wavelengths are strongly absorbed. To ac-
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commodate this, we follow the practice of Maykut and
Untersteiner [1971] and define I, as the fraction of radi-
ation that penetrates beneath 10 cm. Below this depth
k& is fairly constant [Choudhury, 1981}, and exponential
decay becomes a reasonable approximation. [, is esti-
mated based on the parameterization of Grenfell [1979].
This treatment is somewhat oversimplified; however, as
this study concentrates primarily on the dark winter
months, the effects of shortwave absorption on the heat
balance of the ice are minimal.

Equation (1) assumes that the solid matrix and fluid
are in thermal equilibrium, which may be true only for
quite slow flow rates. As equation (1) is general, it
applies to the snow cover as well as the ice below. Since
we are concerned only with the fall and winter months,
freshwater infiltration and snowmelt are not treated,
although this may be an important process in the outer
ice pack [Sturm et al., 1998].

Ice growth at the base of the ice is given by

ksé% = fjsiLsi% (3)
where Lg; is the latent heat of fusion for sea ice and I,
is the oceanic heat flux due to heat transfer from the
upper ocean to the ice. Fy, is assumed to be 3 W m~?,
Temperature and salinity of the ocean are assumed to
be -1.85 °C and 35%o, respectively. Material properties
for (1) and (3) are taken from Yen [1981]. At the surface
of the snow (or ice) the temperature is determined by
balancing the surface heat fluxes [Maykut, 1978]:

+ Fw,

Fi+Fg+(1-a)F, —I,+Fs+F.+F. =0, (4)

where F) is the incoming long wave radiation, Fg is
the emitted long wave radiation, F, is the incoming
shortwave radiation, Fy and F, are the sensible and
latent heat fluxes, respectively, F, is the conductive heat
flux, and « is the albedo. The albedo of snow-free ice
is taken from Weller [1972]. The albedo of ice with
a snow cover is estimated from the measurements of
Allison et al. [1993]. F is estimated by [Key et al,
1996]

F} = oT2(0.746 + 0.0066¢) (1 + 0.26C), (5)
where T, is air temperature, o is the Stefan-Boltzmann
constant, e is the vapor pressure (mbar), which is com-
puted for an assumed relative humidity of 0.9, and C'is
the relative cloud cover, taken as 0.7. The shortwave ra-
diation is computed after Zillman [1972], modified by a
cloud factor of 1—0.6C% [Maykut, 1978]. The turbulent
fluxes are calculated from the standard bulk transfer pa-
rameterizations [e.g., Maykut, 1978], with bulk transfer
coefficients taken from Coz and Weeks [1988].

2.2. Snow Model

As the snow cover provides both very effective insula-
tion for the ice as well as the necessary load to depress
the ice for flooding to occur, the treatment of processes
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in the snow cover is critical for proper modeling of both
congelation ice growth and the flooding/snow ice for-
mation process. Since ice brine volumes and desali-
nation processes are dependent on the thermal regime
of the ice, the permeability, and hence flooding pro-
cesses, are highly dependent on modeled snow /ice in-
terface temperatures. Heat transfer through the snow
cover is highly dependent on diagenesis in the snowpack
[Sturm et al., 1998]. The key processes of relevance
to the present study are the mechanical deformation
and diagenesis of the snow cover, including destructive
metamorphism, such as the density increase due to set-
tling and compaction, constructive metamorphism due
to grain growth and depth hoar formation, and melt
metamorphism in saturated snow and slush at the base
of the snowpack. Depth hoar is a ubiquitous feature
of the snowpack over sea ice in the Ross Sea region
[Sturm et al., 1998], and owing to its very low ther-
mal conductivity, its formation is an important process
in controlling the heat transfer through the snowpack.
However, predicting production rates of kinetic growth
grains is difficult [Colbeck, 1983; Sturm, 1991), particu-
larly so in this case where the base of the snowpack is
often infiltrated by brine [Sturm et al., 1998], which will
affect the vapor transfer and crystal growth processes
which control depth hoar formation. Because of these
difficulties, depth hoar formation is not treated in the
model. The possible consequences of this simplification
are discussed below.

For densification due to settling, we use the formula-
tion of Anderson [1976],

1 dps = 2.8 x 108e0-047 ,—46(p. ~150)
ps di
ps > 150 kg m™3, ©)
L85 _ 98 x 1090047
ps di

ps < 150 kg m™3,
where p; is the snow density (kg m™3) and T is the
temperature (°C). For densification due to compaction,
we have [Anderson, 1976]
Ldps _ Ws o021,
ps dt n ' (7)
n= 1 x 1076(0.081'?}

where W, is the weight of the overburden and 7 (N
s~1) is the viscosity of snow. The initial density of new
snow, 254 kg m~?, is based on measurements of recent
snow by Sturm et al. [1998]. This value was chosen as
low-density, new snow was rarely observed in the study
region, and the prevalence of high winds would tend to
increase the rate of densification of new snow.

The most critical parameter in the snow cover model
is the thermal conductivity. Commonly, it is expressed
as an effective thermal conductivity to account for both

MAKSYM AND JEFFRIES: PERCOLATION MODEL OF FLOODING AND SNOW ICE FORMATION

heat transport due to conduction and vapor diffusion.
This has been the subject of extensive study, both theo-
retically and experimentally [Arons and Colbeck, 1995;
Sturm et al., 1997]. Here we use the equations given by
Sturm et al. [1997],

ks = 0.138 — 1.01 x 10~ %p, + 3.233 x 10~ %p?

156 < ps <600

8
ks = 0.023 +0.234 x 10~ p, ®

Ps < 156,

where p; is the snow density in kg m~* and &, has units
of Wm~™" K~ . The uncertainty in (8) is 0.1 W m~1
K1, It should be noted that (8) gives effective thermal
conductivities that are generally lower than those given
by most other studies. For instance, for typical observed
snow densities, (8) gives values about half that of those
given by Abel’s [1893]). This difference may in part be
due to the generally lower sample temperatures for the
measurements of Sturm et al. [1997].

For slush, the thermal conductivity is calculated us-
ing a Maxwellian model [Schwerdtfeger, 1963],

ke = 2k + ky — 2up(k; — k) ks, 9)
2k + ky + ?.-‘b(f%' — kb)

where k; and ky are the thermal conductivities of ice and
brine, respectively, and v, is the relative brine volume.
Such a model is strictly valid only for a continuous ice
matrix with small spherical brine inclusions. This is not
true for slush, and so (9) may not be accurate. However,
for typical slush brine volumes and ice and brine ther-
mal conductivities, (9) gives values of kye quite close
to that of a parallel plate model, so the error in ket is

likely considerably less than the uncertainty in k.
Erosion of snow due to wind drifting is not included
in the model. While local redistribution is not germane
to the mass balance in a 1-D model, loss to neighboring
leads is. Eicken et al. [1994] estimated that these losses
may be more than 10 cm over the course of a year in
the Weddell Sea. However, they noted that hardening
of the snow surface due to metamorphism may prevent
the suspension of particles even in strong winds. Sturm
et al. [1998] described a similar effect due to icing of the
surface snow. In light of the uncertainty in precipitation
estimates, we neglect the effects of snow redistribution.

2.3. Salinity Model

The salinity of sea ice is normally governed by three
main processes: the initial entrapment of brine during
ice formation, the expulsion of brine due to the expan-
sion of the ice as it cools, and gravity drainage [ Weeks
and Ackley, 1986]. In this paper we also investigate a
fourth mechanism: upward flushing due to brine perco-
lation through the ice during flooding events.

Initial salt entrapment is given by

Ssi = kef Su, (10)
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where ke is an ice growth velocity dependent segre-
gation coefficient, taken from Coz and Weeks [1988],
S,; is the initial salinity (%) of the new ice, and Sy
is the salinity of seawater. As the model formulation is
based on the control volume approach [Patankar, 1980,
the treatment of brine expulsion due to brine freezing
in the interior of the ice is quite simple. If the total
relative volume of components (ice and brine) within
a control volume exceeds unity, the excess volume of
brine is moved into the layer below, where volumes are
recomputed and the process is then repeated for all ice
layers. This treatment is essentially equivalent to the fi-
nite difference formulation presented by Coz and Weeks
[1975]. Note that this does not allow for upward expul-
sion of brine into the snow cover. This can lead to a wet,
saline snow layer at the snow/ice interface which may
wick up several centimeters into the snowpack [Sturm
et al., 1998].

The most important factor in the evolution of the
salinity profile of the ice is gravity drainage. Brine en-
trapped in sea ice forms a network of interconnected
fluid pathways which tend to form elongated tubes
that provide connectivity between the entrapped brine
and the seawater beneath [Bennington, 1967; Lake and
Lewis, 1970; Niedrauer and Martin, 1979; Cole and
Shapiro, 1998]. Owing to the vertical density gradient
of the brine, brine may become convectively unstable
within the ice [e.g., Wooding, 1959; Lake and Lewis,
1970; Niedrauer and Martin, 1979]. This causes con-
vective overturn of the brine within the pore space and
an exchange of the cold dense brine with underlying
seawater. Interception of the brine drainage network
by isolated brine inclusions may enhance the rate of
desalination [Bennington, 1967]. While no mechanistic
model is currently available to account for this process,
Coz and Weeks [1975] provided an empirical relation-
ship based on observations of brine drainage in growing
NaCl congelation ice. For brine volumes > 0.05, they
give the rate of change of ice salinity (%) as

T
ds = (1.68 x 1077 — 3.37 x lﬂ_ﬁvb)é—z\

T (11)
where dT'/dz is the vertical temperature gradient (°C
m~!). For brine volumes < 0.05, the ice becomes im-
permeable and no brine is drained from above the im-
permeable layer.

Unfortunately, (11) is not expressed in a conserva-
tive form; that is, although it permits calculation of
the amount of salt lost from an individual ice layer, it
tells us nothing about the brine fluxes between layers
which govern the decrease in salinity. Since these fluxes
are likely dependent on ice microstructural variations
and brine salinity gradients, proper treatment of brine
drainage under a variety of natural conditions requires
knowledge of how these factors control brine transport.
For conditions similar to the experiments from which
(11) was determined, namely, growing congelation ice
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with a constant thermal forcing [Cox and Weeks, 1975],
the brine exchange should be implicitly accounted for
by (11). For natural sea ice, we might expect that large
differences in microstructure and porosity and highly
nonlinear temperature gradients might affect the na-
ture of this brine exchange so that, for example, brine
draining from one layer may increase the salinity of a
lower layer, and (11) will no longer adequately describe
the salinity evolution of the ice.

Nevertheless, (11) has proven adequate to describe
brine drainage in Antarctic sea ice, regardless of ice type
[Picken, 1992]. Furthermore, observations of bulk salin-
ities show little difference based on ice structure (M. O.
Jeffries, unpublished data, 1995). Presumably, this is
because drainage features such as brine tubes form in
both granular and columnar ice. Snow ice is similar in
texture to frazil ice, and it is likely that, given time,
similar drainage features could form in snow ice layers.
Because of the current lack of any alternative, equation
(11) is used to describe desalination by brine drainage
in snow ice as well as columnar ice.

The treatment of brine drainage in the slushy layer
is another matter. Although the slush forms a porous
matrix similar in structure to frazil ice, the high brine
volumes make it considerably more porous than most
granular ice layers. Thus in contrast to congelation and
granular sea ice, all the pores are well connected, and
brine drainage may be enhanced. However, unlike in
congelation and granular sea ice, there is likely a great
contrast between the permeability of the slushy layer
and that of the ice below; consequently, transport of
brine draining from the slush into the underlying ice
may be impeded. Furthermore, convective overturn of
brine as the slush layer refreezes may be sufficiently vig-
orous to affect the heat budget of the slush layer and
the underlying ice. Therefore the proper treatment of
brine drainage from the flooded layer may require cou-
pling of the equations for brine drainage and heat flow
le.g., McGuinness et al., 1998]. However, since proper
treatment of this problem is prohibitive in a simple 1-D
model, equation (11) is applied to the slushy layers as
well. The weaknesses and consequences of this treat-
ment of brine drainage are discussed in detail below.

2.4. Flooding and Brine Flow

When the snow load on the ice is sufficient to depress
the ice surface below sea level, there is the potential
for seawater or brine to infiltrate to the ice surface and
Aood the base of the snowpack. This condition is met
when the freeboard becomes negative. The freeboard is
calculated from the equation for isostatic balance,

sf ‘53
Puw P

where fb is the freeboard, p,, and p,; are the densities
of seawater and sea ice, respectively, and Zg; and Z; are
the ice and snow thicknesses, respectively.

szwg. Ps (12)
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Although a negative freeboard is a necessary require-
ment for flooding of the ice surface, it is not a sufficient
one. There must also exist pathways for brine and sea-
water to infiltrate from the lower ice layers and the sea
below into the snowpack. In the percolation model, we
require the ice to be permeable throughout its entire
thickness.

The pore space geometry in sea ice is complex and
spatially and temporally inhomogeneous. In congela-
tion ice, brine is trapped between ice lamellae as the
ice grows, and tends to form oblately tubular inclusions
along plate and crystal boundaries [e.g., Bennington,
1967; Perovich and Gow, 1996; Cole and Shapiro, 1998].
These may be a few millimeters long with poor connec-
tivity in cold ice [Cole and Shapiro, 1998] or a centime-
ter or more long and well connected in warm ice [ Weis-
senberger et al., 1992]. In very warm ice the brine space
may be well connected along crystallographic bound-
aries [Perovich and Gow, 1996, Figure 10]. In frazil
ice the entrapped brine forms a convoluted network
of pathways along the grain boundaries [ Weissenberger
et al., 1992, Figure 3]. Brine drainage tubes provide per-
meability either on a small scale, via the interconnected
tubules along grain and plate boundaries, or by second-
generation tubules which have cut across these bound-
aries [Bennington, 1967), or via large-diameter roughly
vertical tubes with radial feeder structures [Lake and
Lewns, 1970; Cole and Shapiro, 1998]. The pore struc-
ture of sea ice is illustrated in Figure 2. Large drainage
tubes may provide a high, localized permeability: how-
ever, the bulk material also has a permeability due to
the sea ice substructure (blowup diagram). Golden
et al. [1998] have suggested that the permeability of
sea ice is due primarily to this substructure near the
percolation threshold. Permeability may also be pro-
vided by brine “corrosion bands” in small cracks and
fissures caused by thermal cracking [Bennington, 1963],
or by large-scale cracks caused by ice deformation. All
these features may form parts of an interconnected net-
work of pore space that may or may not render the
ice permeable, either in the bulk pore space, through
individual drainage tubes, or in spatially restricted ar-
eas of cracked or high-porosity ice. The pore network,
and hence the permeability may change dramatically
depending on the thermal history of the ice even with-
out significant transport of brine.

Figure 2 shows a representation of the mechanism
for brine and seawater percolation. At equilibrium the
brine within the ice is at its in situ freezing point. If a
temperature gradient exists through the ice, any trans-
port of brine along the gradient will result in heat trans-
fer between the brine and ice and there will be phase
change. Warmer, fresher brine moving up through a
brine channel in the ice, despite carrying with it sen-
sible heat, will tend to freeze against the walls of the
channel as it loses heat to the colder ice, as observed by
Niedrauver and Martin [1979]. They observed melting on
one side of the channel as cold brine descended, while
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at Flow

Figure 2. Schematic representation of the porous
structure of sea ice and model of brine transport. Dur-
ing upward flow of brine, the isotherms (dotted lines)
are displaced vertically, and there is heat flow from the
brine channel to the ice and isclated pores. This causes
freezing and narrowing of the channel and a correspond-
ing enlargement of the unconnected pores, indicated by
the dashed lines.

warm brine moved up the other side of the channel,
plating it with ice. Under the influence of a potential
head (due to the depression of the ice surface below sea
level), seawater will begin to move up through the ice,
provided it is permeable, displacing the colder, denser
brine ahead of it, and thus modifying the salinity struc-
ture of the ice. The warm brine will lose heat to the
colder, surrounding ice, freczing against the walls of the
conduits and concentrating the brine. This freezing will
restrict the fluid pathways, perhaps even closing them
off, thus reducing the permeability of the ice. The re-
lease of latent heat will warm the ice adjacent to the
channel, and heat will flow laterally along the tempera-
ture gradients (Figure 2). This heat transfer will warm
the isolated brine pockets which, in turn, will grow in
size by self-dilution, and they may coalesce and form ad-
ditional hydraulic pathways. In this way the porosity
and permeability of the ice are closely coupled with the
flow itself. It should be stressed that while the influx
of warm brine will tend to warm the ice and increase
the brine volume, the infiltrating seawater is at its in
situ freezing point. The only way it can transfer heat to
warm the ice is by partially freezing. Then the overall
effect will be to reduce the brine volume.
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Obviously, solving the equations of fluid flow for such

a complicated and essentially unknowable geometry is

impossible. However, the average macroscopic flow may

be described using Darcy’s law [Bear, 1972]
K

wmz;ﬂmg—vpk (13)

where uy is the area-averaged fluid velocity, which is
related to the pore fluid velocity by

Ug = Qu,

(14)

K is the intrinsic permeability, p is the fluid viscosity,
and VP is the pressure gradient due to the depression
of the ice surface below sea level. Then, brine and salt
transport may be expressed as

aM, 4

pralials Udpp), )
dM, i{ $)

dt  dz YdpPos),

where My and M, are the masses per unit volume of
brine and salt, respectively, pp is the brine density, and
Sy is the brine salinity. In this way we need not know
any details of the flow geometry provided we have a suit-
able method for estimating the permeability, assuming
that the flow is homogeneous when averaged over a suf-
ficiently large area.

Estimates for the permeability of sea ice are scarce.
Ono and Kasai [1985] measured permeability in natural
sea ice and observed a curious anisotropy in measured
upward and downward permeabilities. This may be due
to effects of the flow on the porosity; however, the re-
sults are the reverse of that expected. Unfortunately,
they did not report brine volumes, and so any corre-
lation between permeability and porosity is impossible
to determine. Saito and Ono [1978] also did not report
brine volumes; however, they may be crudely estimated
based on the conditions under which the ice was grown.
Figure 3 shows a plot of permeability measurements
from several authors plotted against estimated brine
volumes. The solid line shows a least squares third-
order polynomial fit to the log transform of the data
which were used to determine the permeability in the
model. Note that only the data shown for the studies
by Saeki et al. [1986] and Kuroiwa [1968] were used for
the fit, as only these studies reported porosities. The
brine volumes for the other two studies were estimated
from the reported growth conditions and are shown only
for reference. The most common parameterization re-
lating porosity and permeability is the Kozeny-Carman
equation [Bear, 1972],

d? v
= Tar 71 o9y
180 (1 — vf)
where d is a representative grain size. This may not be

valid for columnar ice, in which the permeability may
be controlled by vertical drainage tubes, but may be

(16)
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Figure 3. Dependence of sea ice permeability on esti-
mated relative brine volume. Data are from the follow-
ing sources: asterisks, Ono and Kasai [1985]; triangles,
Saeki et al. [1986]; pluses, Saito and Ono [1978]; and
squares, Kuroiwa [1968]. The data from Kuroiwa are
for artificially compressed snow. The solid line repre-
sents a best fit to the data. The dashed line is a fit of
the Kozeny-Carman equation for a grain size of 1 mm
[Bear, 1972].

reasonable for granular ice, which, since it will gener-
ally be present in the upper portions of an ice floe, is
the controlling factor for the overall ice permeability.
The Kozeny-Carman relation for a grain size of 1 mm
is shown in Figure 3 as a dashed line for comparison.
There are pitfalls with this approach in that permeabil-
ity is likely to be dependent not only on the porosity,
but also on the thermal and brine flow history of the
ice.

In light of the uncertainty in the brine percolation
process, we explore two possibilities: (1), a standard
model, where brine advection in the ice is governed by
(13) and (15), and (2), a simple model, where flood-
ing takes place by direct infiltration of seawater into
the snowpack, and (15) is not used (there is no internal
displacement of brine within the ice). To retain consis-
tency, (13) is still used to determine the infiltration rate.
In the standard model, the bulk of the pore space is ef-
fectively connected, so, as the brine is advected upward,
the higher-salinity brine ahead of it is flushed from the
ice. This implies that the ice is reasonably horizon-
tally homogeneous, so that the flow is essentially uni-
formly distributed throughout the ice sheet when aver-
aged over a sufficiently large area. In the simple model,
brine within the sea ice is isolated from the network of
pathways through which flooding takes place, so there
is no advection of brine or heat through the ice sheet.
This would be the case if the flow was confined to only
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very localized areas, such as through cracks, or isolated
tubes, and then spread laterally at the surface. These
two regimes may be viewed as the end-members of the
percolation model where the amount of pore space that
is effectively connected varies from 100% to essentially
0%. Measurements by Weissenberger et al. [1992] in-
dicate that approximately 80% of the pore volume is
hydraulically connected for temperatures typical of the
simulations presented here.

In the standard model, local thermodynamic equilib-
rium is assumed for the sea ice so that lateral heat flow
from pore to pore is rapid enough to remove the hori-
zontal temperature gradient due to flow (see Figure 2)
during each time step. All the brine within a horizon-
tal layer is then effectively of the same salinity. This
means that the degree of connectivity is unimportant
in the standard model, as the amount of salt trans-
ported with the brine is independent of the geometry
of the flow. Consequently, brine volumes after a fow
event will be the same regardless of the effective poros-
ity. If the flow is restricted spatially, such as in isolated
drainage tubes, the fluid pore velocity is proportion-
ately higher, and horizontal temperature gradients will
exist. In this case, brine salinities in the bulk of the
pore space remain higher than those in the pore space
in which most of the flow is taking place, and less salt is
flushed from the ice. The simple model is the extreme
case of this regime. This implies that the percolation
threshold (and the permeability) will likely not be solely
a function of brine volume, but will be time dependent,
depending on the evolving pore geometry. In this study,
however, the critical porosity for percolation is assumed
to be constant at 5%.

As the flooded layer freezes, compositional (salinity)
and temperature gradients may exist within the slush.
Freezing may then occur over the entire thickness of the
slush as it solidifies. This is akin to the so-called “mushy
layer” problem that has received much attention in met-
allurgy [e.g., Worster, 1986]. As the brine freezes, it
rejects salt into the melt, thus concentrating the brine
and allowing the slush to cool further, so that the tem-
perature gradient propagates down through the slush
and underlying ice, solidifying the slush throughout its
thickness. Observations indicate, however, that convec-
tion of brine as the slush freezes is quite vigorous [Lytle
and Ackley, 1996; Hudier et al., 1995]. In this paper
we assume that the salt rejected during freezing drains
quickly, so that the brine salinity at the freezing inter-
face remains constant, as is the case at the ice/ocean
interface. Therefore the temperature of the slush and
ice is held constant by the eutectic condition until the
entire slush layer freezes. The freezing interface is de-
fined across a layer of finite thickness at the top of the
slush layer. When this uppermost layer of slush reaches
a solid fraction of 0.6, it is assumed to be frozen, and
the freezing interface is moved down to the next layer.
Naote that this does not imply that the slush and under-
lying ice temperatures and brine salinities are those of

MAKSYM AND JEFFRIES: PERCOLATION MODEL OF FLOODING AND SNOW ICE FORMATION

the underlying seawater, but rather that they are deter-
mined by the upward transport of heat and salt, during
the flooding event, as indicated by (13) and (15). This
can lead to very high salinities in the flooded layer, as
has been observed in the field [Sturm et al., 1998).

2.5. Numerical Solution

The system of equations (1), (3), and (13) and (15)
are solved using a finite volume method [e.g., Patankar,
1980], so that the quantities of interest (masses of salt,
brine, and ice) are conservative. Although this essen-
tially reduces to a finite difference method, mass of brine
and mass of salt are the primary variables, rather than
salinity. Equation (1) is solved using a semi-implicit
scheme similar to that of Goodrich [1978] and Wade
[1993]. Equation (15) is solved using a first-order up-
wind scheme. Layer thickness is nominally set to 2 cm.
The bottom ice layer is of variable thickness so that
the growth interface is tracked continuously. The snow
layer thicknesses are also variable to accommodate den-
sification. For each time step, first the brine velocity
is determined from (13). The energy equation, (1), is
solved, and the mass transfers of salt and brine are cal-
culated from (15). Then, change in salt content due to
brine drainage and expulsion is computed. There is as-
sumed to be no brine drainage during a flooding event.
The masses of ice and brine are then updated for each
layer based on the temperature and salinity following
Cox and Weeks [1975]. In this way the equations for
heat and mass transfer are decoupled and can be calcu-
lated independently for each time step. A time step of
0.5 hours is used when there is no upward brine flow and
is reduced accordingly when there is brine flow. Veri-
fication of the solution technique by comparison of a
simplified model with the analytic solution to the Ste-
fan problem [Hill, 1987] showed agreement to within
less than one layer thickness.

Air temperature forcing fields were taken from auto-
matic weather station data for Possession Island (71.9°W
171.1°E), as this was deemed the most representative
and reliable data set for the region of interest that was
continuous over the study period (April - November
1995) and most likely represents typical values for the
region of the Ross Sea for which field measurements
were taken [see Jeffries et al., 1998a). Although this sta-
tion is quite close to the continent, and may not be truly
representative of the ocean regions, temperatures were
in reasonable agreement with shipboard observations.
Snow accumulation data was estimated using National
Centers for Environmental Prediction (NCEP) reanal-
vsis precipitation rates, for the same time period and
approximate location (71.4°S, 180°E). The total accu-
mulation was scaled to give a yearly total of 400 kg
m~ 2, water equivalent, based on estimated precipita-
tion rates for the Ross Sea [Giovinetto et al., 1992]. The
wind speed was set to 10 m s~!. The effects of variation
in the climatic forcing are discussed below. Simulations
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were run for climatic conditions for 1995, so that the re-
sults might be compared to field data from one autumn
and one winter cruise in the Ross Sea in 1995 aboard
the R/V Nathaniel B. Palmer.

3. Results

3.1. Flooding and Snow Ice Formation

Figure 4 illustrates model results for both the nor-
mal model (Figure 4a) and the simple model (Figure
4b) for ice growth initiating on May 1 (Julian day 121).
Ice growth is initially very rapid, with thicknesses ap-
proaching 40 cm within a few days. Once a snow cover
has developed, however, little congelation ice is added
throughout the growth season. This is particularly true
for the standard model, which produces only 6 cm of
congelation ice during the last 5 months of growth, for
atotal of 52 em. During the period of flooding and snow
ice formation, approximately 4 em of ice is melted from
the bottom before the temperature gradient is reestab-
lished. In the simple model, there is very little bot-
tom melting; however, repeated flooding events keep
the ice warm, preventing any substantial congelation
ice growth.

Brine volumes are consistently above the critical value
of 5% for the early stages of growth, except for a brief
interval before significant snow accumulation. This is
primarily due to the insulation provided by the snow
cover, which maintains the ice at quite high tempera-
tures. The average snow /ice interface temperature for
the simulation in Figure 4a was -4.3°C. This is much
higher than the average observed value of -9.8°C (M.
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Q. Jeffries, unpublished data, 1995), in part due to the
relatively thin ice (mean, 53 cm, of which 5 cm was snow
ice) and deep snow (mean, 32 cm). The simple model
produced more typical values of snow and ice thickness,
with a mean ice thickness of 66 c¢m, including 17 cm
of snow ice and mean snow depth of 22 cm. However,
the average interface temperature was still quite warm
(-4.4°C). For comparison, the mean ice thickness from
the two winter cruises was 64 ¢cm, with a mean snow ice
thickness of 17 cm. Snow depths averaged 16 cm.

The process of flooding and snow ice formation pro-
duces quite different results for the two regimes. First,
in the standard model, after the initial flooding the
slush layer persists for several days before freezing. The
rate of freeze-up is very slow, since unless a cold front
moves down through the ice, the brine salinity must be
decreased by brine drainage for freezing to occur. In the
simple model, freeze-up of slush is quite rapid, owing
to the relatively low salinity of the incoming seawater.
Some of this scawater is frozen initially upon contact
with the cold snow, and as the temperature gradient is
reestablished through the ice and snow after flooding,
the low-salinity slush freezes quite readily. As a result,
a slush layer often never really exists.

In terms of mass balance, the difference between
the two flooding regimes is quite important. First, in
the standard model, upward flow of brine through the
porous brine network in the ice flushes more saline brine
up onto the ice surface, replacing it with warmer, less
saline brine. As the flooded layer freezes and the ice
below cools again, the brine volume is correspondingly
decreased, as shown by the impermeable layer in Figure
4a (see also Figure 5d). On day 195 the brine volumes
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Figure 4. Simulated time series of sea ice growth in the Ross Sea. (a) Standard model, including
internal brine flow in the ice. (b) Simple model, without internal brine flow. The region of
impermeable ice is indicated by the solid contours within the congelation ice layer. Depth is
relative to sea level. Also shown is a trace of the air temperature (°C) record from AWS98495

(Possession Island).
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in the congelation ice drop below the assumed criti-
cal value for permeability of 5% and remain below this
value throughout the bulk of the congelation ice for the
remainder of the simulation. Therefore despite a nega-
tive freeboard, no further flooding or snow ice formation
occurs. In contrast, in the simple model, where there is
no upward flushing of brine, the brine volumes in the
lower ice layers remain above the critical value for most
of the simulation period, allowing repeated flooding and
greater snow ice formation.

3.2. Salinity and Brine Volume

The effects on salinity and brine volume are more
readily seen in Figure 5, which illustrates the wverti-
cal salinity profile for the standard and simple models.
For comparison, three salinity profiles taken from ice
cores sampled during the two cruises aboard the R/V
Nathaniel B. Palmer in 1995 [Jeffries et al., 1998a] are
shown in Figure 5¢. The profiles are taken from cores
sampled on Julian days 157, 218, and 227. They were
chosen because they consisted of a single layer of con-
gelation ice topped with one or more layers of granular
ice that can reliably be assumed to be snow ice due to
their highly negative 4'%0 values [Jeffries and Adolphs,
1997]. We can therefore expect that these cores ex-
pericnced growth processes comparable to those in the
simulations.

In Tigures 5a and 5b we see that the profiles are
generally S-shaped or slightly C-shaped [Eicken, 1992].
Brine drainage is quite efficient, and salinities decrease
to below 5%o in the lower portions of the ice before
flooding occurs (day 165). This is due primarily to the
insulating effect of the snow cover, which warms the ice
and maintains high brine volumes even for low-salinity
ice. This allows for efficient brine drainage, accord-
ing to (10}, despite small temperature gradients. As
brine drainage will continue as long as brine volumes
are greater than the threshold value of 5%, there will
be brine drainage even for quite low salinities in warm
ice. While low salinities are observed in ice cores [e.g.,
Maksym and Jeffries, 1996 Figure 1c], values below 3%
are rare. In the standard model simulations, salinities
in the lower portions of the ice are consistently below
3%, largely because of the anomalously warm ice. In
the standard model, there is a substantial drop in salin-
ity during the main flooding event, as illustrated by the
difference between profiles at day 165, before any flood-
ing, and day 175, after the first flooding event. There
is a drop in salinity throughout the entire ice thickness,
but it is most pronounced at the top of the congelation
ice layer, where the effects of upward brine flushing are
greatest. After freeze-up of the flooded layer (day 195),
a pronounced “knee” is evident in the salinity profiles
between the congelation and snow ice layers, with very
high salinities in the snow ice layer (15-20%c), and quite
low (~3%0), nearly uniform salinities in the congelation
layers. There is little change in the salinity after day
195, when freeze-up is complete, and the ice remains
impermeable. The simple model shows similar salinities
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in the snow ice layers (approximately 15-17%c). How-
ever, the congelation ice layers show little change in
salinity after flooding due to the lack of upward flush-
ing. Brine drainage from these layers is reduced as the
brine volumes approach the critical cutoff value of 5%
(Figure 5e). Salinities at the base of the ice decrease
primarily because of reduced ice growth rates, so initial
brine entrapment is reduced [Coz and Weeks, 1988].
The salinity profiles from the simple model provide a
closer match to the field data in Figure 5¢ in terms of
overall shape and salinity in the lower portions of the
ice.

Brine volumes for the standard model, simple model,
and field data are presented in Figures 5d, 5e, and 5f,
respectively. Figure 5d shows brine volumes just prior
to flooding (day 165), after flooding (day 175), and af-
ter freeze-up and cooling (day 195). After the flood-
ing event there is a slight decrease in brine volume in
the lower congelation ice layers, despite the warming
of the ice. This is caused by heat conduction main-
taining a slight temperature gradient through the ice
even as the brine moves upward, cooling this brine as
It moves, causing some of it to freeze. After the ice is
allowed to cool again and the temperature gradient is
fully restored, brine volumes are significantly reduced
(day 195). Note that brine volumes drop to well below
the critical value for permeable ice (5%) despite the ice
being very warm (> -4°C). This means that the ice is
unlikely to become permeable again even with warmer
alr temperatures, unless the salinity is increased in some
way. The enhanced reduction in brine volume at the top
of the congelation ice layer is caused by flushing of brine
from this ice combined with significant warming of the
ice during flooding. Once the ice cools again, it is the
ice at the top which cools the most, producing very low
brine volumes. This produces the curious result that
some of the lowest brine volumes in the ice often occur
immediately adjacent to some of the highest.

In Figure 5e, for the simple model, there is no brine
flushing, and so as the ice is warmed during a flood-
ing event, brine volumes are increased, especially near
the ice surface. High brine volumes are maintained
throughout the growth season in part because repeated
flooding events continually warm the ice surface. Both
models have very high brine volumes in the snow ice
layers (approximately 15-25% for the simple model, 20-
35% for the standard model). Neither model matches
the field data particularly well (Figure 5f). This is due
to the much colder temperatures of the ice cores (com-
pare Figures 5g and 5h with Figure 5i). The average
ice surface temperature for the three selected cores cho-
sen was -10.4°C, whereas ice surface temperatures aver-
aged only -4.3°C and -4.4°C for the standard and simple
models, respectively.

3.3. Effect of Initial Ice Formation Date

The effects of varying the initial ice formation dates,
and thus duration of ice growth, are illustrated in Fig-
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Figure 5. Vertical salinity, brine volume, and temperature profiles for the standard model
(Figures 5a, 5d, and 5g respectively), simple model (Figures 5b, 5e¢, and 5h), and selected ice

cores (Figures 5c, 5f, and 51). Simulation results

are shown for several different dates, as indicated

by Julian day (JD), to show ice properties before and after major flooding events (refer to Figure
4). Core data (Figures 5c, 5f, and 5i) labels indicate date of sampling and identification number
of core taken on that date. The depth scale is relative to the ice surface. The congelation/snow
ice interface is indicated on each profile by the open diamond.

ure 6. The total amount of each type of ice present at
the end of the simulation (Julian day 304) is presented.
The mean values in Figure 6a and 6b are the thicknesses
of each ice type averaged over the entire growth period
and over each start date. Note that this differs from the
mean values at the end of the simulation. Also shown
are the mean thicknesses of ice from all ice cores sam-

pled in the Ross Sea during the two cruises aboard the
R/V Nathaniel B. Palmer in 1995. Note that for these
data, frazil and congelation ice are combined and rep-
resented as congelation only. Figure 6a shows results
for the standard model, and Figure 6b shows those for
the simple model. For both flow regimes the amount
of congelation ice is almost completely independent of
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initial freezing start date, despite a sevenfold variation
in the duration of ice growth. This reflects the fact
that initial congelation growth is quite rapid, but once
a significant snow cover forms, congelation growth be-
comes a very slow process, or there may actually be
melting from the ice bottom, as is the case in many of
the standard model simulations. Once the ice has thick-
ened to approximately 40 cm, the bulk of any further
ice thickening is by snow ice development. This value
is obviously a function of the climatic forcing, however,
and is discussed below.

For the simple model, there is an cbvious decrease
in total ice thickness as a function of start date. Brine
volumes are consistently above the critical value of 5%,
and freezing of the slush is quite rapid; hence snow ice
develops readily as more snow accumulates. As the ice
is generally permeable, snow ice formation is primarily
a function of total snow accumulation. In general, there
will be more snow ice the longer the growth period. In
contrast, the amount of snow ice formed by the stan-
dard model does not necessarily reflect the length of the
growth period. It reflects the dependence of snow ice
development on the timing of the flooding event. An
early flooding event may flush enough brine from the
lower ice layers to render the ice impermeable after the
temperature gradient is reestablished, thus inhibiting
further flooding. The low quantities of snow ice for later
start dates merely reflect low total snow accumulation.

Mean quantities of congelation ice produced in the
simulations compare fairly well with observed values.
The mean quantities of snow ice produced by the sim-
ulations are, however, less than those observed, con-
siderably so for the standard model. Caution must
be exercised in comparisons with field data due to the
uncertainty in actual growth conditions and since the
sampled ice was subjected to substantial dynamic fore-

ing, which is not accounted for in the model. Although
the majority of the ice cores were taken from level ice
areas, most consisted of multiple layers [Jeffries and
Adolphs, 1997], which we attribute primarily to rafting
events. While this will make the ice thicker than would
otherwise occur for purely thermodynamic growth, we
note that most of the rafting events occurred when the
ice is relatively thin and such events are rare when the
ice is thicker than 40 cm [Worby et al., 1996; Jeffries
and Adolphs, 1997; Jeffries et al., 1997]. As the simu-
lated ice reaches this thickness very rapidly, the effects
of rafting may be relatively minor in determining the
long-term thickness of the ice.

The results of simulations run with a narrow range
of start dates for both models are shown in Figure Gc.
Results are shown for five simulations with ice growth
initiated at 5 day intervals. Despite such a narrow
range the standard model showed as much wvariation
for both congelation and snow ice layer thickness as
for the much broader distribution in Figure 6a. The
simple model displayed similar variations in the con-
gelation layer thicknesses, but the final snow ice layer
thickness remains nearly constant, regardless of start
date. This demonstrates that congelation ice thickness
is strongly dependent on conditions during the early
stages of growth. Snow ice thickness for the flow regime
including upward brine flushing is dependent on the
timing of flooding, whereas for the simple flow regime
it is primarily dependent only on the rate of snow ac-
cumulation.

3.4. Sensitivity to Climatic Forcing

The importance of the nature of the flooding regime
is illustrated well by the response of the two models to
variation in climatic forcing. Figure 7 shows results for
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Figure 7. Dependence of modeled ice thicknesses on
climatic forcing. Dependence on temperature for (a) the
standard model and (b) the simple model, and depen-
dence on accumulation rate for (c¢) the standard model
and (d) the simple model.

both flow regimes for various climatic conditions. Sim-
ulated ice thicknesses are shown for the same growth
conditions as in the previous sections, but with varia-
tions in mean temperature (Figures 7a and 7h, stan-
dard model) and in accumulation rate (Figures 7c and
7d, simple model). These variations represent the typi-
cal range of climatic conditions found in the Ross Sea,
with the lower temperatures being typical winter aver-
ages observed close to the Ross Ice Shelf, and the higher
temperatures being typical temperatures near the outer
edge of the pack. Accumulation rates are varied be-
tween 300 and 700 kg m~2 yr—!, the expected range for
the Ross Sea [Giovinetto et al., 1992].

The simple model behaves much as we might ex-
pect: increasing the mean alr temperature indirectly in-
creases the amount of snow ice formed by controlling the
amount of congelation growth, with lower growth rates
for higher air temperatures (Figure 7b). As the thin-
ner ice provides less buoyancy, the accumulated snow
will depress the ice surface further below sea level and
therefore produce more flooding and snow ice forma-
tion. For increasing snow accumulation rates (Figure
7d) there is a fairly linear increase in snow ice thickness
for the simple model. Accumulation rate has a stronger
effect on snow ice thickness than does air temperature,
as it more directly controls the freeboard. Congelation
ice thicknesses decrease steadily with increasing accu-
mulation rate due to bottom melting. The ice is warmed
both by the insulation from the snow cover and through
the transport of heat to the snow/ice interface during
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flooding. This leads to an increase in bottom melting
rates.

The situation for the standard model is quite differ-
ent (Figures Ta and Tb). As before, the amount of snow
ice formed is limited by the permeability of the ice. The
upward flow of brine reduces the salinity in the lower
portions of the ice and results in reduced brine volumes.
Once a significant amount of flushing has oceurred, the
brine volumes are often reduced sufficiently below the
critical value for percolation that the ice remains im-
permeable even with substantial warming. Figure 7a
reflects this, with little dependence of snow ice thick-
ness on temperature.

There is only moderate dependence of the snow ice
thickness on accumulation rate, since the ice becomes
impermeable after the first or second flooding event,
so there is no flooding with subsequent snowfall. The
thick slush layer for the lowest accumulation rate (300
kg m~2 yr~!) occurred at the very end of the growth
period, when brine volumes increased due to warmer
temperatures. This was only possible because the small
degree of flushing that had occurred did not reduce
salinities, and hence brine volumes, as severely as in
the other cases. The dramatic differences between the
simple model and the standard model show clearly the
importance of brine transport processes in controlling
flooding and snow ice formation.

In addition to air temperature and snow accumula-
tion rate, ice growth and development is influenced by
the oceanic heat flux. This is largely an unknown quan-
tity, but it has been shown to have great variability in
the Southern Qcean. In the Weddell Sea, winter es-
timates range from around 2 W m~2 along the conti-
nental shelf [McPhee et al., 1992] to as much as 40 W
m~% [Gordon and Huber, 1990] in the eastern Weddell
Sea. Heil et al. [1996] estimated the range to be 6-183 W
m~? in the east Antarctic. It has been suggested that
the oceanic heat flux may be a significant controlling
factor in ice development in the Ross Sea [Jeffries and
Adolphs, 1997).

Figure 8 shows the effect of variations in ocean heat
flux on both the standard and simple models. Other
simulation parameters are the same as those in Figure
4. For both models the main effect is to cause an overall
thinning of the total ice thickness and an increase in
snow ice thickness for increasing ocean heat flux. With
brine flushing included (Figures 8a and 8c¢) we again see
low brine volumes throughout much of the ice thickness
soon after substantial flooding and snow ice formation
has occurred. This impermeable ice persists despite a
warming of the ice with increased snow accumulation,
so there is only modest dependence of snow ice thickness
on ocean heat flux. Note that there is not necessarily
a direct relationship between snow ice production and
ocean heat flux, as less snow ice was produced in the
run shown in Figure 4a, for an oceanic heat flux of 5
W m~2, than for either 0 or 10 W m™? (Figures 8a
and 8c, respectively). The impermeable ice, however,
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allows a thick snow cover to develop without flooding.
This insulates the ice and permits significant ablation
from the base for the case of a high oceanic heat flux
(Figure 8c).

Without brine flushing (Figures 8b and 8d), the main
effect of the higher ocean heat flux is to slow congelation
ice growth and even to promote basal melting. This
amplifies the snow load, permitting increased flooding
and snow ice development.

3.5. Effects of Brine Flow Regime

As the conditions necessary for flow exhibit a criti-
cal behavior, in that the brine volume must be above
a threshold value for flooding to occur, subtle influ-
ences on brine volume may have quite substantial ef-
fects. Variations in the nature of brine transport are
quite important in controlling the mass balance, as
shown above by the profound effects of brine flushing.
However, the precise nature of this brine percolation,
if indeed it even takes place, is largely unknown. For
example, Figure 3 shows that the permeability of sea
ice is not a well-defined quantity. Figure 9 shows the
effects of variations in ice permeability, for three differ-
ent dates of initial ice formation. Final ice thicknesses
are shown for three regimes: the standard permeability,
K, defined by the fit to the data from Figure 3, and a
low- and a high-permeability regime, assigned perme-
abilities of 0.1K and 10K, respectively, for the same

brine volumes. Other parameters are the same as the
simulation shown in Figure 4a. Contrary to what we
might expect, there is a decrease in the amount of snow
ice formed using the higher permeability. Flooding and
refreezing tends to occur in one major event, typically
lasting several hours to a day, after which brine volumes
in the lower portions of the ice are greatly reduced, usu-
ally rendering the ice impermeable for the remainder of
the growth season. In this case the ice is permeable
enough that the duration of the flooding event is gov-
erned by the rate of snow accumulation. In the case of
low permeability, the flow velocity is so slow that the
flooding is sustained over a period many days, so that
subsequent snow accumulation causes flooding events
to overlap one another, and a continuous slow perco-
lation of brine occurs. This provides a continual flux
of heat to the ice and the slush, delaying the freezing
of the flooded layer and thereby keeping the ice per-
meable. This sustained flooding increases the upward
flushing of the brine network, so that despite the warm-
ing provided by the brine flow, enough salt is eventu-
ally flushed from the ice to reduce brine volumes below
the percolation threshold. This prevents any further
drainage of salt from the slushy layer, so it becomes
much more difficult to freeze. As a result, in all three
simulations shown in Figure 9 for the low-permeability
case, the flooded layer never completely freezes, even
though it generally exists for 90 days or more. In the
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Figure 9. Thicknesses of congelation ice, snow ice,
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simulations using the higher permeability, flooding and
subsequent refreezing is relatively rapid (typically a few
days). This allows temperature gradients to reestablish
quickly after flooding, reducing brine volumes to below
the percolation threshold. Hence we see very little snow
ice formed in this regime.

It is evident that the nature of the processes involved
in brine transport are vital in controlling both the tim-
ing and magnitude of flooding and snow ice formation.
At this point, it would be prudent to examine the as-
sumptions used in formulating the standard model. To
this end we examine the effects of the convective ex-
change of brine during the freezing of the flooded layer.
In Figure 10 we examine two cases: (1) Heat flux due
to convective overturn of brine from the flooded layer
to the ocean below is neglected, which permits tem-
perature gradients to propagate through the ice when a
flooded layer is present (equivalent to treating the brine
in the flooded layer in the same way thermodynami-
cally as liquid inclusions in the ice below); and (2) salt
drained from the slush is redistributed evenly among
the ice layers below during freeze-up. This provides an
estimate of the effects of possible salination of the ice
from salt redistribution in maintaining ice permeability
and allows an assessment of the effect of the limitations
of equation (11) on the results.

Results are shown in Figure 10 for three different
regimes: excluding convection (Figure 10a}, includ-
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ing salt redistribution (Figure 10b), and the standard
model (Figure 10c). Without convection, upward flush-
ing of brine during flooding is very effective, so that the
ice becomes impermeable once the thermal gradient is
reestablished. This leaves a thin, saline (30-40%) slush
at the base of the snow cover that cannot freeze without
drainage of brine or a severe drop in air temperatures.
As a result, without convection of brine, the standard
model will rarely produce any snow ice at all. With
salt redistribution included, the salt transferred from
the slush layer to the ice increases the ice salinity some-
what, maintaining the porosity above the percolation
threshold longer than for the standard model, allow-
ing increased flooding. However, brine flushing is still a
very effective process in reducing the ice salinity, so that
the ice still becomes impermeable, and only a moderate
increase in snow ice production occurs.

4. Discussion

Flooding and snow ice formation are seen to be crit-
ically dependent on a number of factors. In particular,
the nature of the flow process which brings brine and
seawater to the surface during a flooding event is cru-
cial in determining both the mass balance of the ice
and its physical properties. Permitting interaction of
the flooding brine with the porous ice matrix produces
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Figure 10. Thicknesses of congelation ice, snow ice,
and slush at the end of the simulation period for dif-
ferent parameterizations of the brine exchange between
the slush and underlying ice: no convection between
slush and ice (bars marked “a”), redistribution of brine
drained from slush to the ice (bars marked “b”), and
standard model (bars marked “c”). Results for each
case are shown for three different dates of initial ice
formation (from left to right, Julian days 91, 121, and
151).
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drastically different results than simple flooding of the
surface with seawater in terms of amounts of snow ice
formed, and in turn, the thickness of the remaining snow
cover, and in terms of the salinity and porosity (brine
volume) structure of the ice. Upward brine flushing dur-
ing flooding reduces ice porosity to such a degree that
it generally restricts flooding to one major event or a
series of closely spaced events. This typically restricts
snow ice thicknesses to less than 20 cm. The overall
mass balance is then controlled primarily by climatic
factors early in ice development. As flooding and snow
ice formation are dependent on a critical percolation
threshold, the nature of the physical processes involved
is as important as climatic effects in determining quan-
tities of snow ice produced. With the simple model,
brine volumes remained consistently above the percola-
tion threshold, so snow ice thicknesses were primarily
dependent on snow load, and the overall ice thickness
was much less dependent on early growth conditions.

As presented, upward percolation of brine by uniform
Darcian flow through a porous ice matrix seems an un-
likely candidate to be respomsible for the bulk of the
flooding process. Resultant snow ice thicknesses appear
to be significantly lower than expected, and highly neg-
ative freeboards (as much as -20 cm) persist throughout
much of the growth season, in conflict with observations
(Figure 1). Large negative freeboards are generally as-
sociated with deformational features, and not level ice.
Furthermore, the very low salinities that result from
this upward flushing of brine are not consistent with
observations. Brine volumes below the critical value for
permeable ice are a ubiquitous result of this upward
brine flushing and are typically present for most of the
growth period after initial flooding. This is also incon-
sistent with observations, which show that most sea ice
has brine volumes greater than 5% (M. O. Jeffries, un-
published data, 1995), despite lower ice temperatures
than in the simulations. It should be noted that the
choice of a percolation threshold of 7% [Fritsen et al.,
1998] will increase simulated brine volumes and salini-
ties somewhat. However, the salinities will still tend to
fall to near 3% throughout the congelation ice layers.
Upward brine flushing is so effective in the standard
model that flooding is generally restricted to a single
event, or several closely timed events. It is expected,
however, that multiple flooding events can occur.

If brine percolation through the ice does occur with
any frequency in the Antarctic pack, it is undoubtedly
not a uniform phenomenon. Horizontal inhomogeneities
in the salinity and pore structure of the ice sheet will
likely cause large spatial variations in the flow, so that
only some areas of the ice sheet are affected internally
by the flooding. If the permeable region is restricted
spatially, or if the permeability is high enough in a given
area, the flow may be sufficiently rapid that the assump-
tion of local thermal equilibrium is not met. In this case
the thermal response of the ice is reduced, and substan-
tial flow may occur without the pathways freezing shut
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due to the brine transport. Modeling of the flow then
becomes very difficult, since detailed knowledge of the
porosity structure of the ice is required to account for
both the flow and heat transfer, and the heat trans-
fer relations become quite complicated. Furthermore,
it may be necessary to account for horizontal transport
of the flooding brine through the snow. Note that the
extreme case of localized flow is roughly equivalent to
the simple model presented here. Therefore the results
of the two models represent bounds on the degree of
variability that could occur in flooding and snow ice
formation due to variability in the upward brine trans-
port. In order to understand how variations in the de-
gree of connectivity of the pore space affect the flooding
process and brine transport, it is necessary to account
for the horizontal transfer of heat between connected
and unconnected pores and the resultant evolution of
the pore structure. This is not possible in the current
model. It will be addressed in a subsequent version.

A significant area of weakness in the models is the
treatment of brine drainage and convection in the ice.
At present, the only parameterizations available to ac-
count for gravity drainage are those of Coz and Weeks
[1975], which were derived for laboratory-grown NaCl
congelation ice. Growth conditions are quite differ-
ent for the modeled sea ice. First, the ice is generally
warmer than that in the Cox and Weeks experiments,
with temperature gradients generally lower than those
measured in the laboratory. Second, model salinity pro-
files are “top heavy” after flooding, especially in the
standard model, with very high salinities in the upper
portions of the ice sheet (15-25%:), and very low, near-
uniform values in the lower ice (~2.5% for the standard
model; 3-5% for the simple model). It seems likely that
brine drainage from the upper ice will have an impact
on the salinity of the lower ice as it drains through the
ice sheet [Kovaes, 1996]. Third, the very high porosi-
ties of the slush and snow ice layer could lead to brine
pockets large enough for internal convection to permit
them to migrate very quickly, possibly leading to sig-
nificant resalination of the lower, low-salinity ice lay-
ers. Finally, convection of brine during freeze-up of the
flooded layer will likely transport salt from the upper
ice to that below. Observations indicate that brine con-
vection may be quite important in brine transport for
flooded ice [Lytle and Ackley, 1996], and may repre-
sent a significant redistribution of salt [Hudier et al.,
1995]. A simple parameterization of salt redistribution
showed that while this process can increase the poros-
ity of the ice temporarily, brine flushing during flooding
is still the controlling process on the ice permeability.
‘While it is possible that this simple approach underesti-
mates the salt redistribution, recent results with a two
dimensional convective model indicate that this effect
may be small [Maksym and Jeffries,2000]. It has been
demonstrated that the salinity characteristics may play
a crucial role in controlling the ice mass balance through
the flooding and snow ice formation process; a proper
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treatment of brine transport in sea ice is essential to
understanding the role of this process in Antarctic sea
ice development.

It was noted above that the ice in the simulations was
markedly warmer than is typically observed. While this
is in part due to fairly thin ice and thick snow cover, this
cannot account for all of the difference. We attribute
this partly to the low snow thermal conductivity given
by (8). While we do not believe that this gives unrepre-
sentative values, it may not account for all of the heat
transfer through the snow. Enhanced vapor transport
within warm snow may increase the effective thermal
conductivity somewhat. Wind pumping and snow re-
distribution effects may cool the snow. As temperature
gradients within the snow were very large, convection
may have also played a role, although the presence of
numerous icy layers [Sturm et al., 1998] would seem to
preclude this. Recent observations in the Arctic indi-
cate that large lateral variations in snow depth may
cause a focussing effect on the heat flow and may have
a substantial effect on the thermal regime of sea ice (M.
Sturm, personal communication, 2000).

The inclusion of depth hoar could have an important
effect on the results due to its very low thermal conduc-
tivity, However, this would raise the ice temperatures
even further. While this could render the ice permeable
for a longer period, brine flushing would then remove
even more salt from the lower ice layers, increasing the
disparity between simulation results and field data.

5. Conclusions

A one-dimensional sea ice growth model has been de-
veloped to investigate the factors controlling flooding
and snow ice formation. The flooding process is mod-
eled by two methods. In the first, dubbed the standard
model, flooding is modeled by brine percolation upward
through the porous ice. In the second, or simple model,
seawater is assumed to infiltrate into the snow through
isolated areas, such as large drainage tubes or cracks,
and does not displace the brine entrapped in the bulk
ice. Results indicate that the evolution and mass bal-
ance of the ice are very dependent on the physical pro-
cess by which flooding takes place.

The simple model produces the most reasonable re-
sults. Congelation and snow ice thicknesses are realis-
tic, and salinities in both the snow ice and congelation
ice layers compare reasonably well with field data. The
standard model, on the other hand, produces little snow
ice despite highly negative freeboards. Salinities within
the congelation ice become unrealistically low as a re-
sult of upward brine flushing, creating very low brine
volumes and rendering much of the ice impermeable,
even though ice temperatures are high.

The most important factor in controlling the ice mass
balance is the presence of a snow cover. Initial congela-
tion ice growth is generally very rapid, but once a sig-
nificant amount of snow has accumulated, further thick-
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ening by congelation ice growth is greatly inhibited, or
there may even be bottom melting. The thickness of
congelation ice late in the growth season is very strongly
dependent on the oceanic heat flux. Subsequent ice
growth is primarily through flooding and snow ice for-
mation for both models. Since the standard model gen-
erally produces little snow ice, the total ice thickness
is highly dependent on climatic conditions early in ice
development. This makes the ice thickness somewhat
unpredictable as it is nearly independent of its age. For
the simple model, while congelation ice thickness is also
dependent on early growth conditions, snow ice thick-
ness is a strong function of snow load, so that the total
ice thickness is much more predictable, and ice thick-
ness generally increases with age.

The models presented here, while inappropriate for
use in predicting ice mass balance and salinity charac-
teristics, illustrate the importance of the various fac-
tors controlling flooding and snow ice formation, and
demonstrate the need for improved understanding of
the brine transport processes in sea ice in order to un-
derstand not only the salinity structure of the ice, but
also the ice mass balance. The actual brine flow regime
likely lies somewhere between the two models. If brine
percolation through the bulk of the ice is a major com-
ponent of the flooding process, then either significant
convection and redistribution of brine must be occur-
ring to maintain the ice permeability, or upward brine
flushing is spatially nonuniform. Either the process is
restricted to areas of high ice permeability, such as in
large drainage tubes or fractures, or local variations in
pore geometry and thermal transport are significant in
modifying the salt transport in individual pores.
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